of unusual stacking sequences in other 2D nanostructures. Notably, the electronic structure of some non bulk stacked bilayers presents characteristics which are uncommon to either the bulk phase or the single monolayer, for instance, a spin-split conduction band bottom. Our main characterization technique was annular dark-field scanning transmission electron microscopy, which offers direct and reliable imaging of atomic columns. The stacking characterization approach employed here can be readily applied toward other few-layer transition metal chalcogenides and oxides.
A tomically thin layered crystals have emerged as a new class of two-dimensional (2D) nanomaterials with high specific surface area, important for a wide range of applications 1,2 ranging from electronics 3À5 to sensing, 6, 7 catalysis, 8 energy harvesting, 9,10 and storage. 11, 12 While graphene is the most renowned 2D material, there has been considerable recent interest in the exfoliation of other layered compounds such as transition metal dichalcogenides (TMDs). TMDs consist of hexagonal layers of metal atoms (M) sandwiched between two layers of chalcogen atoms (X) with MX 2 stoichiometry. Although the planar bonding within each of these three atomic layers is covalent, sheets stack via van der Waals interactions to form a 3D crystal. TMDs occur in more than 40 different types, depending on the combination of chalcogen (S, Se, or Te) and transition metal. 13 Depending on the coordination and oxidation state of the metal atoms, TMDs can be metallic, semimetallic, or semiconducting. 14, 15 Like graphene, 2D
TMDs have attracted considerable attention due to the wide range of unique properties unlocked by exfoliation such as enhanced surface area, reactivity, and quantum confinement of electrons, after neighboring layers are removed, which creates in essence unique physical and chemical properties. MoS 2 and WS 2 are, for example, semiconductors with a band gap in the range of 1.1À1.7 eV 16 and were among the first layered materials, which were attempted to be exfoliated down to single layers. 17À19 MoS 2 and WS 2 have an indirect band gap in its 3D bulk form and become direct gap, fluorescent 2D semiconductors in the limit of complete exfoliation.
The main production method of TMD nanosheets until a few years ago involved intercalation with inorganic or organic species. 19, 23 Intercalation reactions are however mostly based on laborious and time-consuming chemical processes and are only semiscalable. Recent advances in liquid-phase exfoliation opened new opportunities for large-scale applications. 24 24 as well as in water with the aid of common surfactants. 25 Two-dimensional TMD materials prepared by this scalable method have already attracted considerable interest for applications in composites 24 and energy storage. 26 Another promising application of exfoliated TMDs is in nanoelectronics. 3 Single-layer MoS 2 and WS 2 are isostructural with two naturally occurring polytypes 2H and 3R (Figure 1 ). The coordination of the metal ion is trigonal prismatic (Figure 1) . A nonbulk 1T polytype was also reported for 2D MoS 2 and WS 2 nanocrystals prepared via intercalation. 42 The 2H f 1T transformation is accompanied by changes in coordination from trigonal prismatic to octahedral and metalÀmetal bond distortions. 27, 29, 32, 42 However, one outstanding issue of these studies was the lack of understanding of whether these effects were ARTICLE intrinsically due to exfoliation or to the presence of intercalated guest molecules among the layers. MoS 2 composites prepared via lithium intercalation indicated the retained presence of lithium in the restacked material even after washing. 43 This, in turn, undermines the claim that 1T phase is metastable even after removal of Li.
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Our findings on liquid-phase exfoliated TMDs show that deviations in the stacking sequence can indeed exist. The observed nonbulk stacking sequences can be obtained by applying simple translational shifts to the layers of the bulk structures and are not accompanied by changes in the coordination of the metal ion. This is expected to ultimately alter the charge capacity when these materials are used in batteries and supercapacitors and the reactivity when they are used in catalysis or gas sensing. The electronic and optical properties of these materials are also expected to be altered by nonbulk stacking deviations, having strong impact on the ultimate commercial integration of these materials.
RESULTS
ADF STEM provides directly interpretable images, where one expects the intensity to be dominated by the heavier atoms and to scale linearly with the number of layers. Furthermore, thanks to the Z-contrast mechanism, it is possible to distinguish atomic columns containing direction, perpendicular to the basal planes. There is, however, always a possibility that the strong signal arising from atomic columns containing heavier metal ions can make it difficult to observe the signal of the nearest, much lighter sulfur columns. The image pattern ultimately generated is expected to depend heavily on the stacking sequence and the number of layers.
In the 2H polytype (Figure 1a ), the projected pattern will depend on the number of layers: monolayers will produce a simple hexagonal pattern with a single atomic column around each of the 2D Bravais lattice point, while multilayers will produce a honeycomb pattern with two atomic columns around each of the 2D Bravais lattice point. The lattice spacingis 3.16 and 3.15 Å for MoS 2 and WS 2 , respectively.
In the 3R polytype (Figure 1b ), the Mo 4þ /W 4þ ions in the monolayer and bilayer regions will form hexagonal and honeycomb patterns, respectively, similarly to the 2H polytype. However, the trilayers will form hexagonal patterns with much smaller lattice spacing (1.83 Å for MoS 2 and 1.82 Å for WS 2 ). It must be also noted that, while the patterns formed in the bilayer regions are similar for both 2H and 3R polytypes, the actual structures are fundamentally different. The above discussion assumes that liquid-phase exfoliated samples do not undergo structural changes within the layers. This is confirmed by the analysis of the high-resolution transmission electron microscopy images ( Figure S1 ) presented in the Supporting Information (SI).
MoS 2 Nanosheets. ADF STEM image simulations were computed on the bases of the structural models in Figure 1 to support the discussions above. These are shown in Figure 2 . As expected, the image intensity is dominated by the presence of Mo 4þ columns: in the 2H polytype, we assist a proportional increase of intensities with each additional layer ( Figure 2c ). The situation is more complicated for the 3R polytype because certain columns in the bilayer and trilayer regions have ARTICLE the same number of equivalent Mo and S atoms, therefore generating similar peak intensities. The experimental images agree well with these discussions. Figure 3a shows an image where both hexagonal (region 1) and honeycomb (region 2) patterns are readily identifiable, with lattice spacing of 3.16 Å. On the basis of the above analysis, it can be concluded that this sheet is consistent with a 2H polytype, with region 1 being a monolayer and region 2 being a multilayer.
In the monolayer region, the intensity arising from the Mo 4þ ions partially suppresses the signal from the S 2À ; nonetheless, the position of sulfur columns remains detectable as evidenced by the arrows in the intensity profile ( Figure 3b ). The peak image intensity doubles across the step into the multilayer region, corresponding either to a one-to-two, two-to-four, or three-to-six layer steps. Knowing that region 1 is a monolayer is sufficient information to establish that region 2 is indeed a bilayer.
For 3R bilayer sheets, simulations predict a weak signal arising from the sulfur columns in the middle of honeycombs (marked with arrows in Figure 2b ,d). Such signal is not observed in the bilayer region in Figure 3 , implying that this nanosheet has 2H structure. Unfortunately, in the experimental images, such faint sulfur signal is most likely obscured by the nearby columns. Nonetheless, simulations of 3R polytype bilayer regions evidence a noticeable intensity difference between nearest neighbor columns. This is expected because one column has only a single Mo 4þ ion while the second column has one Mo 4þ and two S 2À ions.
This difference is much smaller for the 2H polytype bilayer (simulation) where nearest neighbor columns have the same numbers of equivalent ions. Hence, it can be concluded that the image in Figure 3a is indeed of 2H polytype. Moreover, unlike the simulation (Figure 2a) , the experimental image of the bilayer region in Figure 3a does not show noticeable difference between nearest neighbor columns. This mismatch might be due to the fact that accurate values of the DebyeÀWaller factors for Mo and S atoms are not known. The 2H and 3R polytypes can be reliably and quantitatively distinguished by simple analysis of the projected patterns when sheets are g3 layers thick. An example is given in Figure 4 . In Figure 4a , the atomic columns form a honeycomb pattern throughout the entire image, confirming a 2H polytype. In Figure 4b , the pattern deviates from the honeycomb as we move from the bottom to the top-left corner of the image, where additional atomic columns appear in the center of each honeycomb, with formation of a hexagonal pattern with 1.83 Å lattice spacing. This projection is consistent with a 3R polytype.
An entirely different stacking sequence was however observed in a few cases. In Figure 5a , we show an image of a nanosheet where a hexagonal pattern with 3.16 Å spacing is observable throughout the entire field of view. The intensity profile taken across the flake (black dotted line) reveals the presence of a step, with intensity doubling across the image, which indicates that monolayer and bilayer regions are both present. The sole explanation for the hexagonal pattern to be maintained throughout the image, both in the monolayer and the bilayer regions, is that the Mo atoms of the second layer are stacked on top of the Mo atoms belonging to the first layer (homonuclear stacking).
The position of the S atoms in this image must be identified in order to propose an appropriate structural Figure 5c ). In the bilayer region noise, probe tail effects, and off-axis tilts are magnified, hiding the S atoms entirely as a result.
The inability to identify the sulfur positions in the bilayer region results in two possible models, which can consistently explain the multilayer region in Figure 5 . These can be simply derived from the 2H and 3R polytypes, respectively, by shifting the second layer of one atomic plane along the vectors R or R* as shown in Figure 6 . The new structures can be referred as 1H and
2H
0 respectively. As indicated in Figures 6c,d , Mo atoms are stacked on the top of each other (homonuclear stacking) in both models. The ADF STEM image simulations of these polytypes are given in the SI ( Figure S2 ). The possibility that sample tilt can lead to an apparent nonbulk stacking was also investigated. It was determined that rotation of the nanoflake by 30.7°i s required to obtain a projected structure somewhat similar to the homonuclear stacking (SI, Figure S3 ). However, it is only limited to the bilayer region. More importantly, this results in a ∼10% apparent reduction of the lattice spacing (from 3.16 to 2.84 Å). Hence, it can be concluded that the observed patterns are indeed due to a homonuclear stacking and not to inadvertent sample tilt.
Although the mechanism for formation of the nonbulk phases is debatable, it is believed that layers can glide along the vectors R or R* (or equivalent directions) during the exfoliation process. The possibility that these stacking sequences are formed by random restacking upon deposition is less plausible as it would imply that complete exfoliation is achieved by liquid-phase dispersion. Unfortunately, there is no evidence to substantiate such a claim since turbostratic stacking was not observed in few-layer sheets. Nonetheless, in four cases, an orientational mismatch corresponding to 6 ( 1°in-plane rotation was observed. In all these cases, the nanoflakes appeared contaminated with impurities (SI, Figure S4 ). The presence of contaminants is thought to be responsible for the smallangle in-plane rotation.
From the 27 different MoS 2 nanoflakes imaged and analyzed, 17 were found to consist of a 2H polytype, nine with a homonuclear stacking, and only one with a 3R polytype. A single case where the nanoflake displayed both homonuclear and 2H stacking was also observed (SI, Figure S5 ). 
ARTICLE
In addition to the evidence of unusual crystal stacking in liquid-phase exfoliated few-layer MoS 2 nanosheets, one interesting finding came from the quantitative analysis of the 3R polytype sheet (Figure 2d ). Careful analysis in this case revealed some lattice distortions beyond scan noise. The shear strain was calculated to be between 11 and 26% (100% was considered to be the value of the shear strain required to shift one single layer to produce a 1H from a 3R polytype in a bilayer configuration, Figure 6b) . A magnified view of a region of Figure 2d and details of shear strain calculations are given in the SI, Figures S6ÀS8. WS 2 Nanosheets. A similar structural study was extended to WS 2 nanosheets with the purpose to see whether the unusual stacking sequence obtained for liquid-phase exfoliated MoS 2 was consistently found for other similarly exfoliated, isostructural TMDs.
In Figure 7a , we show an ADF STEM image of a WS 2 nanosheet consistent with the 2H polytype. Similarly to MoS 2 , the monolayer region has a hexagonal pattern with 3.15 Å spacing, while the multilayer region shows a honeycomb pattern. Counting the number of layers can once again be confirmed by analysis of the intensity profile across the sheet, revealing a step transition between a monolayer and bilayer (Figure 7b) .
The strong contrast originating from high-Z W atoms (Z = 74) makes it difficult to observe much lighter atoms like S (Z = 16). This makes the S atoms in monolayers completely disappear next to the much heavier W neighbor atoms. ADF simulations were carried out to corroborate our image interpretation. Since WS 2 is isostructural to MoS 2 , we used the same model as in Figure 1a , with the appropriate modification of the lattice spacing. The simulation results are shown in Figure 7c , together with the relative intensity profile across the step (Figure 7d ). As expected, the intensity on the monolayer region is dominated by a very strong signal generated by the W atoms, while the S atoms are almost completely hidden.
As in the case of liquid-phase exfoliated MoS 2 flakes, WS 2 did not always provide sole evidence for 2H polytype. Figure 8 shows a stepped nanoflake where the hexagonal pattern is preserved over the whole field of view. Once again, the only explanation can be that the W atoms of each consecutive layer are stacked homonuclearly on the top of the W atoms of the previous layer. The two possible models are the 2H 0 and the 1H described in Figure 6 . 
Finally, the position of the S atoms in the protruding monolayer in Figure 7a can be determined by careful statistical analysis on the ADF intensities. W atoms form hexagonal structure with two equivalent sites "B" and "C" (Figure S9 ), which can be occupied by the S atoms. The calculated normalized averaged intensities at the "B" and "C" sites in experimental image (Figure 7a ) are 1.00 ( 0.010 and 0.959 ( 0.012, respectively. The difference is small but nevertheless statistically distinguishable and significant. Furthermore, the positions of the S columns might be accurately determined by simultaneous acquisition of ADF and annular brightfield (ABF) signals. The missing sulfur columns are in fact expected to be resolved in the ABF image.
Recently, several detailed studies on radiation damage at 80 keV 36, 37 (TEM) and 60 keV 38 (STEM) in monolayer MoS 2 have been published, reporting noticeable damage to the monolayer region over time. In this work (80/60 keV STEM), the electron beam damage was negligible and did not hinder the imaging process. However, our samples are mainly few-layer Mo/WS 2 with small area protruding monolayers. For such samples, electron damage is expected to be weakened. In a single case, for large protruding WS 2 monolayer, strong damage was observed ( Figure S10 ). Overall, from the five different WS 2 nanosheets imaged and analyzed, only one was consistent with the 2H polytype, while all the others possessed homonuclear stacking. The 3R polytype was never observed. None of the images displayed relative in-plane rotation of the layers.
Electronic Structure. In order to validate the STEM analysis and to assess the relative structural stability of the various polytypes, we have performed first principles electronic structural calculations based on density functional theory. In particular, we have considered both the standard local density approximation (LDA) and the van der Waals corrected exchange and correlation functional of Tkatchenko and Scheffler (TS-vdW) 44 (see Experimental Methods section for more details). In Figure 9 , we present the interlayer binding energy (per unit area) for the various stacks as a function of the interlayer distance, d. It is clear from the figure that the binding energies of the 2H and 3R geometries are essentially identical, indicating that the two stacks are almost equally energetically favorable. Rotational transformation from the 2H into the 3R structure is inhibited by a potential barrier. This is computed with the nudged elastic band method in the upper inset of Figure 9 , where we show the total energy (per unit cell) profile along the rotation, bringing the 2H structure onto the 3R. Clearly, there is a significant energy barrier for the rotation, which explains near complete absence of the rotational disorder in the nanoflakes.
Note that any other geometry presents significant smaller binding energy and that the binding energy is essentially a function of the interlayer distance as shown in Figure 9 . Next we look at the electronic structure. The lower inset of Figure 9 reports the bilayer band gap for the 2H stack (calculated at the LDA level without including spinÀorbit interaction) as a function of the interlayer distance, d (d 0 is the equilibrium binding distance). At equilibrium, the bilayer displays an indirect band gap, which remains indirect for any compressions and for elongations of d, up to about 2 Å above the equilibrium binding distance. For extremely compressed interlayer distances, the gap reduces drastically, while for (d À d 0 ) >2 Å, the direct gap characteristic of the single-layer limit is approached.
Finally, in Figure 10 , we present the electronic band structure of the various stacks, calculated at the relative equilibrium distance and by considering spinÀorbit interaction. For all cases, the valence band maximum moves from the K point for a MoS 2 monolayer to the Γ point in the case of the bilayers. Kramer's degeneracy is always satisfied at Γ so that no band-spin-splitting is present. In contrast, the conduction band maximum is along the ΓÀK line, and when inversion symmetry is broken, the bands spin-split (Figure 10e) . Such a situation is encountered for instance in the case of the 3R and 1H stack, the second and third most abundant configurations found after exfoliation. This is a rather intriguing result. In fact, when going from MoS 2 monolayers to bilayers with 3R or 1H symmetry, one transfers the spin-polarization from the valence band maximum to the conduction band minimum. As such, the 3R/1H bilayers can be used as conduction band spintronics Note that the two functionals return rather similar equilibrium binding distance, but different binding energies. Note also that the binding energies for the 2H and 3R stack are almost degenerate. In (a), we show the barrier energy profile for rotating the 2H structure into the 3R one. Each step in the rotation path is characterized by the planar rotation angle, θ. In (b), the variation of the LDA band gap (calculated without spinÀorbit coupling) is plotted against the layer separation, d, for a 2H polytype MoS 2 bilayer; d 0 is the equilibrium distance. In the figure, we also report results for a new hypothetical structure named 3R
0 . This is obtained by applying the same translation that transforms 3R in 1H, but by only 1/2 of the translational lattice vector. ARTICLE materials in contrast to monolayers, which are spinpolarized in the valence band. 45 This result opens up the possibility of using MoS 2 bilayers as a 2D electronbased materials platform for valleytronics. 46 Note that recently valleytronics was reported for 2H-stacked bilayers in which the symmetry is broken by a transverse electric field. 47 In the case presented here, the symmetry breaking is spontaneous; namely, it is a direct consequence of the layer stack obtained by exfoliation. A similar result has also been obtained for WS 2 (see SI).
CONCLUSIONS
In this work, we carried out imaging and structural characterization of 2D TMD nanostructures (MoS 2 and WS 2 ) produced by liquid-phase exfoliation. On the basis of ADF STEM and image simulations, it was determined that nonbulk stacking, here referred as 1H and 2H 0 polytypes, can exist. This previously unreported homonuclear stacking consists of metal ions placed exactly on top of each other for each consecutive layer. Twenty-seven different MoS 2 nanoflakes were imaged and analyzed. Among these, 17 were consistent with a 2H polytype, nine with a homonuclear stacking, and only one with a 3R polytype. Moreover, a nanoflake displaying both homonuclear and 2H stacking was also observed. The nanoflake in 3R polytype configuration exhibited a significantly strained lattice. Among the five WS 2 nanoflakes examined, one exhibited a 2H structure, while all the others were consistent with homonuclear stacking. The 3R polytype was never observed for WS 2 . Electronic structure calculations for such bilayer stacks reveal that 2H and 3R polytypes are almost energetically degenerate and that they can hardly be transformed from one into the other by lattice rotation. Most intriguingly, the band structure analysis shows that the valence band maximum is always at the Γ point and as such is not spin-polarized. In contrast, the conduction band minimum is located along the ΓÀK line and presents spin-polarization for those stacks with broken inversion symmetry. As a consequence, our results support the idea that MoS 2 and WS 2 bilayers can be used as electron conductive spintronics materials.
EXPERIMENTAL METHODS
MoS 2 or WS 2 dispersions were produced by ultrasonication (UP 100H Ultrasonic Processor, Hielscher, 100% amplitude, continuous cycle) of as-purchased raw powders in N-methylpyrrolidone (NMP) for 2 h. During ultrasonication, dispersions were placed in an ice bath to minimize heating and relative temperature effects. After ultrasonication, the dispersions were left to settle down for two nights. Finally, the supernatant was carefully decanted, and TEM samples were drop-casted onto holey carbon/copper grids (500 mesh). The samples were baked for 3 h at 135°C in vacuum.
MoS 2 , WS 2 powders, and NMP were purchased from SigmaAldrich and used as received (product nos. 234842, 243639, and 328634, respectively). ADF STEM imaging of MoS 2 nanoflakes was performed using a JEM-ARM200F aberration-corrected STEM microscope operated at 80 keV (probe current of ∼34 pA, with a probe convergence angle of 22 mrad and a collection half angle of 55À170 mrads). ADF STEM imaging of MoS 2 and WS 2 nanoflakes was performed using a Nion Ultra-STEM100 aberration-corrected STEM microscope operated at 60 keV (probe current of ∼50 pA, probe convergence angle of 30 mrad, and collection half angle of 78À195 mrads). HRTEM images were acquired on the double aberration-corrected JEOL 2200MCO. The instrument was operated at 80 keV with spherical aberration set to C 3 = À3 μm. All experimental images were filtered using Butterworth filter which removed high-frequency noise. All simulations were performed using the QSTEM code, 48 which is based on the frozen phonon approach. The number of runs was set to 20. For the simulations of MoS 2 nanoflakes, ARM200F microscope parameters were used. For the simulations of WS 2 nanoflakes, Nion UltraSTEM100 microscope parameters were used.
We have performed the first-principle calculations based on both local density approximated (LDA) and van der Waals (vdW) Figure 10 . Electronic band structure calculated at the LDA level and including spinÀorbit interaction for the various stacks investigated. Note that the valence band maximum for all the stacks is now at the Γ point and is not spin-polarized. In contrast, the conduction band minimum is midway along the ΓÀK line, and in the case of stacks presenting broken inversion symmetry, it is spin-polarized. The last panel displays the spin-projection of the bands for the 3R stack: red and blue lines represent, respectively, spin-up and spin-down projections.
ARTICLE corrected density functional theory (DFT), as implemented in the all-electron, numerical basis code FHI-AIMS. 49 For vdW-DFT calculation, the generalized gradient approximation of Perdew, Burke, and Ernzerhof (PBE) 50 augmented with the TkatchenkoÀ Scheffler-vdW (TS-vdW) correction 44, 51 is employed. The "firsttier" basis set composed of atomic-centered numeric orbitals are used. Brillouin zone sampling is done by using a (12 Â 12 Â 1) Monkhorst-Pack k-grid. Periodic boundary conditions are applied, and a vacuum layer of at least 15 Å is placed above the bilayers or monolayer to minimize the interaction between periodic images. The conjugate gradient method is used to obtain relaxed geometries. Both atomic positions and cell parameters are allowed to relax until the forces on each atom are less than 0.01 eV/Å. We also calculate the electronic structure using LDA-DFT approach with the inclusion of spinÀorbit (SO) interaction via onsite approximation, 52 as implemented in the numerical basis code SIESTA. 53 The climbing image nudged elastic band (CI-NEB) method implemented in the DFT code SIESTA 54 is used to determine the minimum energy pathway of the energy barrier between the two different stacked sequences in bilayer MoS 2 (i.e., 2H and 3R).
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